Over the past two decades, semiconductor nanocrystal quantum dots (QDs) (Ref. 1) have been intensively studied because of their tunability of optical properties by simply changing the size of the QDs and their potential for optoelectronic applications such as low-threshold lasers, lightemitting diodes, solar cells, and nonlinear photonic devices. Nanostructured plasmonic metal systems are known to greatly enhance a variety of optical processes, which are due to the interaction of the electron in a molecule or the exciton in a semiconductor with the enhanced local electromagnetic field of the metal surface plasmon (SP), 2 including SPenhanced photocatalysis, light-harvesting and photovoltaics, 3, 4 SP-enhanced fluorescence, 5, 6 and Förster resonance energy transfer. 7, 8 Also the nonlinear optical response of the semiconductors can be enhanced by the SPs, 9 rendering semiconductor QDs-metal nanoparticle systems as promising candidates for materials with large optical nonlinearities which are eagerly acquired for nonlinear optical applications like all-optical switching, optical bistability, phase conjugation, and other types of signal processing. 10 It has been shown that metal nanoparticles on the surface of semiconductor QDs can greatly enhance the third-order optical nonlinearity of the semiconductor QDs. 9 However, the influence of the frequency of the metal SP on the interaction between the exciton and the SP and how it can modify the optical nonlinearity in their hybrid systems, has not been addressed yet.
In this paper, the optical nonlinearity of hybrid structures composed of CdTe QDs and Au periodical particle array (PPA), which is dramatically affected by the interaction between the excitons in CdTe QDs and SPs in Au PPA, is reported. When the Au SP is spectrally tuned to be in resonance with the exciton transition in CdTe QDs, the optical nonlinearity of the hybrid structures can be optimized so that the largest nonlinear refractive index and the smallest twophoton absorption (TPA) coefficient are obtained.
The Au PPA was fabricated using the nanosphere lithography method, 11 utilizing polystyrene nanospheres of 820 6 5 nm in diameter. For the pulsed laser deposition, 12 a KrF (Lambda Physik, 248 nm, 20 ns full width at half maximum, 6 Hz repetition rate) laser beam was focused onto the gold target. During the sputtering, the energy density at the target surface was 2 J/cm 2 . The deposition time was 30 min. After the deposition, the nanosphere mask was removed by sonication in ethanol for 2-4 min to obtain the Au PPAs, which are in the form of triangular prisms with perpendicular bisector of 190 nm. 13 The Au PPAs were annealed at different temperatures and for different times, as will be discussed below. CdTe QDs capped by thioglycolic acid with a diameter of 2.6 nm (determined from the QDs absorption spectra in solution 14 ) were dispersed either onto the Au PPAs or on the quartz substrates (as a reference sample) from their diluted aqueous solution via drop-casting. The amount of deposited CdTe QDs on every sample was kept strictly the same by keeping the volume and concentration of the droplets, as well as the evaporation time on each sample constant.
In the Z-scan experiment, a femtosecond laser system which consisted of a mode-locked Ti:Sapphire oscillator and a regenerative amplifier (Spitfire, Spectra-Physics, 800 nm, 50 fs, 1 kHz) was used as the light source. The incident Gaussian laser beam was focused using a converging lens, which has a focal length of 200 mm, to a beam waist of x 0 ¼ 30 lm. The value of Rayleigh length of the laser beam, z 0 ¼ px 2 0 =k, was calculated to be 3.5 mm, much longer than the thickness of either the quartz substrate or the sample. We used carbon disulfide (CS 2 ) to calibrate the measurement system (n 2 [CS 2 ] ¼ 3.5 Â 10 À6 cm 2 /GW at k ¼ 800 nm). was pre-annealed at 150 C for 10 min and then annealed at 400 C for 30 min. This treatment influenced the location of surface plasmon resonance (SPR) absorption peaks of Au particles, which were located at 612 nm, 557 nm, and 502 nm, respectively, for the three different annealing conditions. As the annealing temperature increases, the absorption peak shifts to the blue region of the spectra, which is due to the systematic shape transformation of the Au nanoparticles from the original triangular prisms to rounded particles. 16 Fig . 1(b) shows the absorption and photoluminescence (PL) spectra of CdTe QDs solution. Fig. 2 shows the linear absorption and PL (normalized on the absorbance at 340 nm from Fig. 2(a) ) spectra of CdTe QDs deposited on Au PPA 1, 2, 3 and, as a reference sample, on the quartz substrate. The long-wavelength peak on the PL spectrum of CdTe QDs is the Raman scattering signal, whose spectral shift was consistent with the change of excitation wavelength. An increase in the absorbance (around 340 nm) and normalized luminescence intensity, which presents the emission probability, was observed as we tuned the SPR absorption peak of Au PPA closer to the PL peak of CdTe QDs while keeping the concentration of CdTe QDs constant.
The absorption and luminescence enhancement of CdTe QDs in a close vicinity of Au nanoparticle has been well documented by previous studies. 5, 6 This plasmonic enhancement has been found the strongest when the Au SPs is spectrally tuned to be in resonance with the semiconductor exciton transition. 17 In CdTe-Au PPA 2 structure, the exciton transition is the nearest to the SPs frequency, which leads to the strongest electromagnetic field enhancement of both the absorption and emission probability.
The nonlinear optical properties of CdTe QDs deposited on quartz substrates and hybrid CdTe QDs-Au PPA structures were determined using the single-beam Z-scan technique, which has been described in details in Ref. 18 . In our measurements, the excitation intensity at the focus varied from 18 GW/cm 2 to 66 GW/cm 2 . The normalized openaperture (OA) Z-scan for CdTe QDs is shown in Fig. 3(a) . It exhibits typical reverse saturable absorption process. CdTeAu PPA 3 structure also exhibited reverse saturable absorption behavior, while CdTe-Au 1 and CdTe-Au 2 structures showed saturable absorption processes. The normalized OA Z-scan for the CdTe-Au PPA 2 structure is shown in Fig.  3(b) . Au PPAs deposited on quartz substrates have been examined at the same condition and no signal has been detected which excludes the possibility that the optical nonlinearity of the hybrid structures comes from the Au PPAs. The OA Z-scan data were fitted with the modified equation given by, 19 the parameters derived for CdTe QDs and three hybrid structures under study are listed in Table I .
As shown in Fig. 2(a) , the TPA (at 400 nm) is much stronger than the single photon absorption (at 800 nm) in 2012) bare CdTe QDs, which can lead to reverse saturable absorption. 18 In the CdTe-Au PPA 3 structure, the metal surface plasmon frequency is far away from the dielectric resonant response of the CdTe QDs (Fig. 1) , the TPA process still plays the dominant role. For the CdTe-Au PPA 1 and in particularly for the CdTe-Au PPA 2 structure, the exciton transition in CdTe QDs is in resonance with the Au SPs, due to the strong interaction between the excitons and SPs, the single photon absorption is enhanced to be dominant, which can lead to saturable absorption 18 and small TPA coefficient. 19 Due to the better spectral overlap of the exciton transition and SPs, the enhancement of single photon absorption is the strongest for the CdTe-Au PPA 2 structure, which results in its smallest TPA coefficient (Table I) . Fig. 3(c) shows the closed-aperture (CA) Z-scan for CdTe QDs. The signal profile with a valley followed by a peak exhibits a typical self-focusing process. CdTe-Au PPA 3 structure also exhibited self-focusing behavior, while CdTe-Au PPA 1 and CdTe-Au PPA 2 structures showed self-defocusing processes. The CA Z-scan for the CdTe-Au PPA 2 structure is shown in Fig. 3(d) . The CA Z-scan data were theoretically fitted with Eq. (A2) in Ref. 18 , and the fitting results are listed in Table I . The increase of the nonlinear refractive index n 2 is consistent with the decrease of the TPA coefficient b. The enhancement of nonlinear refraction behavior can be explained following argumentation of Ref. 20 . The rough corrugation of the Au PPA surface can be approximated as ellipsoids that scatter the incident electromagnetic field. A dipole near the surface of an ellipsoid interacts with both the incident and the scattered field. However, the coupling of the scattered field to the dipole is much larger than the incident field when the dipole frequency is near the resonance with the metal SP. 5 For three hybrid structures under study, the dipole frequency is the nearest to the resonance with the metal SP in the CdTe-Au PPA 2 structure, which results in the strongest enhancement of the optical nonlinearity in this case.
To summarize, the optical emission and nonlinearity of hybrid semiconductor QDs-metal nanoparticle structures are strongly modified by the interaction between excitons in QDs and SPs in the metal component. Both the PL and the optical nonlinearity enhancements are due to the same mechanism, the local electromagnetic field enhancement from the metal SPs. Through the tuning of Au SPs to be in spectral resonance with the exciton transition in CdTe QDs, the optical nonlinearity of the hybrid structures can be optimized.
For the case of the optimal spectral overlap (CdTe-Au PPA 2 structure), the largest nonlinear refractive index and the smallest TPA coefficient, n 2 ¼ À0.53 cm 2 /GW and b ¼ 25 cm/GW, which are about 8 times larger and 50 times smaller than that of bare CdTe QDs, were achieved. It suggests that the hybrid semiconductor QDs-metal nanoparticle structure is a promising candidate for applications in nonlinear photonic devices.
